Background: Several studies have linked coffee intake and smoking to foetal death, but a possible interaction between both exposures remains unknown. Methods: We studied, within the Danish National Birth Cohort, the potential interaction between smoking and coffee drinking while pregnant on the risk of foetal (early and late) death. The study included 90 086 pregnant women, with information about their smoking habit and coffee intake in early pregnancy, and several potential confounding factors. Interaction was studied by calculating both the hazard ratio (HR) in Cox's regression (linear and smoothed restricted cubic spline) and the interaction contrast ratio (ICR). Results: Women who neither smoked nor drank coffee were used as the reference group. Drinking more than 3 cups/d of coffee was associated with the highest risk of foetal death, spontaneous abortion and stillbirth for all smoking status (non-smoker, 10 or > 10 cigarettes/d). Among smokers, the combination with drinking <3 cups/d of coffee presented the lowest HRa for foetal death, spontaneous abortion and stillbirth. The ICRs were negative when considering smokers who had a coffee intake up to 3 cups/d, but they were positive for those who had a higher coffee intake, suggesting the effect of coffee intake may be non-linear. Conclusion: Our results suggest that the combined effect of smoking and coffee intake during pregnancy on the risk of foetal death is coffee-dose-dependent. A low coffee intake may reduce the risk of foetal death associated with smoking while a high coffee intake increases the risk. 
Introduction
C affeine (1, 3, 7-trimethylxanthine), a natural alkaloid present in different food products (mainly coffee), is also widely consumed by pregnant women. Caffeine is capable of crossing the placental barrier and its metabolism is slow in pregnant women. 1 Coffee intake influences the levels of some pregnancy hormones 2 and several studies have identified high caffeine intake as a risk factor for adverse pregnancy outcome. 3, 4 In previous studies, prenatal coffee intake was associated with spontaneous abortion (SAB) [5] [6] [7] and an association between caffeine intake and the risk of stillbirth has also been reported. [7] [8] [9] Nausea is more common in pregnancies that end in a live birth than in those were a SAB or stillbirth occurs, as it reflects the hormone balance of a properly developing pregnancy. 10, 11 The suffering of nausea is associated with a reduction of caffeine intake. 10 Given this, it is difficult to assess if the association between caffeine intake and outcomes are because of the caffeine in itself or if because the pregnancies were in some way less healthy from the beginning.
Another potential risk factor for foetal death is smoking. A systematic review by Pineles et al. 9 on maternal smoking and occurrence of SAB found a small, but significant, association. Several follow-up studies have also found an association between smoking and the risk of stillbirth, [12] [13] [14] but not all. 15 If a causal association actually exists between smoking and foetal death, the association is not strong.
Information on the combined effects of caffeine and smoking on pregnant women is scarce. It is known that among smokers, caffeine metabolism is accelerated, 16 but any possible effect of both exposures in relation to foetal death remains unclear. Given the accelerated metabolism of caffeine, smokers typically consume a lot more caffeine because they need to replace it quicker to maintain the same effects. 16 Hahn et al. 17 shows that the risk of SAB (up to gestation week [GW] 22 approximately), were systematically lower in coffee drinkers who smoked than in non-smokers. However, these results could be caused by residual confounding and/or non-differential misclassification. 18 The objective of this study is to examine a potential interaction on the additive scale between smoking and caffeine intake derived from coffee consumption on risk of foetal death, including SAB and stillbirth.
Methods

Study design
We conducted a population-based cohort study using the Danish National Birth Cohort (DNBC), 19 previously approved by the competent ethics committee and which conforms to the principles of the Declaration of Helsinki. From 1997 to 2002 when pregnant women went to their first antenatal visit at their general practitioners (GPs), 100 418 pregnancies were enrolled in the DNBC. Approximately 50% of GPs participated in recruitment and we estimated that $60% of all the pregnant women invited to participate agreed to take part in the study by signing a consent form. The criteria to be included in the DNBC were: (i) being accessible by telephone; (ii) being able to speak Danish well enough to take part in the study; and (iii) intending to carry the pregnancy to term.
The inclusion criteria considered for our study was participation in the first pregnancy interview and availability of information about smoking and coffee intake from this interview. Of the pregnancies enrolled in the DNBC, a baseline questionnaire was obtained for 90 142 women. Data were obtained by computer-assisted telephone interviews, which took place at approximately 16 GWs, interquartile range 13-19. The interview was considered missing if we failed to reach women at the scheduled time or on three additional attempts to make contact. If participating women had more than one pregnancy during the study period, we included only their first pregnancy within the DNBC. More details about this cohort are described elsewhere (see Olsen et al. 19 ).
Exposure assessment
The exposures of interest were smoking tobacco and coffee intake at the time of the first telephone interview. Coffee is the main source of caffeine in Denmark and consumption rates are high. 20 A Swedish study showed that coffee accounted for 76% of caffeine intake, we would expect a similar percentage for Denmark. 21 The contribution to caffeine intake from tea was estimated at 23%. 21 However, in previous studies we have obtained identical results when using caffeine intake from both coffee and tea and when only using intake from coffee. 7 The contribution from cola drinks can be considered minimal. 7 The use of decaffeinated and instant coffee is negligible in Denmark. 22 Given that caffeinated coffee is consumed almost exclusively and that it accounts for most of caffeine intake, we chose it as the measure for caffeine intake.
All the women were asked about how many cups (8 oz) of coffee they drank on a daily basis ('How many cups of coffee do you drink per day'): answers were reported as number of cups per day (a mug was coded as two cups), and a coffee intake of >1 cup/d was recoded as 0.5 cups/day (women with no information on coffee intake were excluded from the study). A cup of coffee was estimated to contain 100 mg of caffeine. 23 Additionally, women were asked about their smoking habits ('Did you smoke during pregnancy?', 'Do you smoke now?', 'Did you have periods during your pregnancy where you did not smoke (for at least one week)?', 'How much did you smoke?'). We classified pregnant women in relation to the intensity of these exposures: smoking (non-smokers, 10 and >10 cigarettes/d) and coffee intake (non-coffee drinkers, 3 and >3 cups/d) at the time of the interview. From the first pregnancy interview, we also obtained information on the mother's age, pre-pregnancy body mass index (BMI; kg/m 2 ), alcohol consumption, socio-economic status, mother's obstetric history (parity, previous SAB, infertility treatment), mother's job, self-reported physical exercise and use and type of nicotine substitution.
Pregnancy outcomes
We identified live births and stillbirths (foetal death !28 GW, ICD 10-P95) by linking information from the Danish Civil Registration System 24 with the Danish National Birth Registry. 25 The National Hospital Register 26, 27 was used to identify SAB (miscarriages, foetal death <28 weeks, ICD 10-O03). Information about gestational age was also obtained from the National Hospital Register and was mainly based on ultrasound examination. The linking of the data from all the different sources can be considered as 100%, the DNBC has complete access to health and civil registries in Denmark and the informed consent signed by the women gave explicit permission to access this data.
Statistical procedures
The crude foetal death rate was calculated as [(number of foetal deaths/ P weeks of gestation)Ã1000] while Cox regression models were used to estimate the hazard ratios (HRs) for foetal death.
The underlying time variable was weeks of gestation. Pregnancies were entered at the time of the interview (by taking delayed entry into account) and were followed until foetal death (SAB or stillbirth), birth or other censoring events (induced abortion, emigration and maternal death).
Models were adjusted for multiple covariates, including mother's age at conception (<25, 25-29, 30-34, or >35 years), parity (primiparous or multiparous), socio-economic status (high, average or low), pre-pregnancy BMI (<18.5, 18.5-24.9, 25-29.9 or !30), alcohol consumption (no alcohol, <12, 12-52.4, >52.4 g/week), and mothers' self-reported exercise (yes/no). These selected covariates were based on prior knowledge taken from the literature. 28 We assessed departures from the proportional hazards assumption by means of log-log survival and Schoenfeld residuals plots for each independent variable. We also constructed several smoothed Cox regression models with a restricted cubic spline for caffeine intake by stratifying as smokers and non-smokers.
Finally, using the adjusted Cox models we calculated the interaction contrast ratio (ICR) on the additive scale as suggested by Rothman et al. 29 and its CIs as suggested by Zou. 30 ICR is equal to the HRa in the group exposed to both factors, minus the HRa of the group exposed only to the first factor, minus the HRa of the group exposed only to the second factor, plus one: an ICR = 0 means no interaction (exactly additivity), ICR > 0 means positive interaction (superadditivity), and ICR < 0 means negative interaction (subadditivity).
All the analyses were done with the R software, v.3.1.3 (The R Foundation for Statistical Computing, http://www.r-project.org/) for Windows. The Danish Data Protection Agency approved the study.
Results
In total, 100 418 pregnancies were registered in the DNBC, of whom 90 142 were eligible for the present study (figure 1). Of these pregnant women, 90 086 met our inclusion criterion, and were included in this study; 88 727 ended in live births, 181 became induced abortions and 1178 ended in foetal death. Of all these women, 45.1% reported no smoking or drinking coffee at the time of the first pregnancy interview (SÀCÀ); 10.3% stated they were smokers, but did not drink coffee (S+CÀ); 29.1% drank coffee, but did not smoke (SÀC+); and 15.5% indicated that they drank coffee and also smoked (S+C+). Table 1 shows maternal characteristics according to the exposures. When compared with mothers who stated they neither smoked nor drank coffee, the smoking mothers who also drank coffee tended to be older, were less likely to be first-time mothers, had a lower BMI and drank more alcohol. Their clinical history indicated a slightly higher rate of previous SAB and a small proportion had undergone fertility treatments. They were more often of low socio-occupational status and they practised less exercise than the other study groups.
The crude foetal death rate along with crude and adjusted HRs for foetal death among those with a combined exposure to both tobacco and coffee are presented in table 2. After adjusting for potential confounders (mother's age, parity, pre-pregnancy BMI, drinking alcohol, practising exercise and socio-economic status), most HRa remained above 1; however, the CI included the null association value in most cases.
For the set of all foetal deaths, SAB and stillbirth, we observed that in non-smoking women, HRa increased with coffee intake. Among smoking women the HRa was lowest for those who had a low coffee intake, followed by those with no coffee intake and finally the highest HRa belonged to the group with a high coffee intake.
Considering women who had a coffee intake of >3 cups/d, we observed for the set of all foetal deaths, SAB and stillbirth that the main trend was that HRa increased as smoking increased. This trend however did not hold for women with a coffee intake of 3 cups or less/d. For all foetal deaths and stillbirth, the trend was that the lowest HRa belongs to the group of women who smoked up to 10 cigarettes/d and the highest to those who smoke more than 10 cigarettes/d. It must be noted, however, that for SAB the lowest HRa belonged to women who smoked >10 cigarettes/d and the highest HRa to non-smokers.
For the set of all foetal deaths, SAB and stillbirth, we observed how the HRa was lower for smoking women who had a low coffee intake than when considering both exposure types separately (the estimated ICRs were all negative). Women who had a higher coffee intake, had a higher HRa than when considering both exposures separately (all ICRs but one are positive).
Discussion
When we considered only coffee intake in relation to foetal death, our results were similar to findings in other follow-up studies. 8, 17, 31 Our results indicate that when using the non-smoking non-coffee drinking group as reference, risk of foetal death associated with a combined exposure to smoking and up to 3 cups of coffee/d, was low with a negative interaction on the additive scale: i.e. the risk associated with joint exposure at the above-cited levels was lower than the risk of both these exposures separately. Our results also show a positive interaction between smoking >10 cigarrettes/d and drinking > 3 cups/d of coffee with respect to all foetal deaths and SAB. However, these associations were small and non-significant, so our interpretation should be considered with caution. Very few research projects have examined the potential interaction between smoking and coffee intake in relation to foetal death, but Hahn et al. 16 evaluated the interaction between smoking in pregnancy and caffeine intake (caffeine not only from coffee, but also from soft drinks and tea) with SAB. These authors found, like us, no significant deviation from the additive scale.
Coffee intake has been previously linked with a few negative pregnancy outcomes 7 which may be due to the caffeine component of coffee. Although the main component of coffee is caffeine, it also contains other substances which offer potential beneficial effects (minerals, sugars, vitamins or amino acids), which could also explain a possible low risk associated with low-moderate caffeine intake. At low intakes, the benefits of these coffee components could override the negative effect of caffeine. This could explain the decrease in HRa that we observed in non-smokers with low coffee intake.
Previous studies have linked smoking to negative pregnancy outcomes and for this exposure there seems to be a linear association between risk and exposure. 32 In our study, smokers do in fact have higher HRa than non-smokers, especially for stillbirth. However, among smokers, those with a low coffee intake have the lowest HRa leading us to believe that low coffee intake could reduce the HRa associated with smoking. This would be in line with what we observed in the non-smoking group, where low coffee consumption resulted in a decreased HRa compared with no or high.
The biological mechanism by which smoking may be able to increase the risk of foetal death is not known and more research is needed. The possible interaction between smoking and coffee intake can be a consequence of a common metabolic route: it is well-known that caffeine metabolism is accelerated by smoking [33] [34] [35] by inducing cytochrome P-450 hepatic enzymes that increase N-demethylation. 36, 37 It is also known that caffeine clearance diminishes during pregnancy, Danish NaƟonal Birth Cohort (n = 100,418) Excluded (n = 10,276)
• Spontaneous aborƟon before first interview • Pregnant without first quesƟonnaire. Elegible (n = 90,142) Excluded (n = 56)
• No informaƟon on exposures (n = 29).
• Mola (n = 17).
• Extrauterine pregnancy (n = 2).
• Unknown outcome (n = 8). especially during the third trimester, 34 and foetal exposure dramatically increases, 38, 39 or the genetic polymorphisms in genes CYPIA2 and NAT 2 affect the amount of caffeine that circulates in the organism. 16 Our study has limitations, the most important of which are the use of coffee consumption as the sole indicator of caffeine intake and the use of self-reported information. 40 The caffeine content varies according to cup size, coffee brand and brewing methods. Coffee consumption is part of an established routine for most drinkers and therefore intra-personal variations are probably small. Bracken et al. 23 studied heterogeneity in evaluating caffeine exposure, and found that one quarter of all subjects were classified as consumers of >300 mg of caffeine/d, but their actual caffeine intake ranged between 150 and 300 mg/d. Future studies using biomarkers to calculate caffeine intake would provide a more accurate estimate of the exposure to caffeine. As we collected data prior to foetal death, any possible erroneous classification is expected to be non-differential and thereby we may underestimate the association between coffee intake and foetal death. Regarding the interaction analysis, the low absolute number of deaths registered in the DNBC could be seen as an important limitation due to a potential lack of power to detect any interaction. However, the percentage of foetal deaths can be assumed to be in line with those in other developed countries.
Another limitation of our study is that we had no information about early nausea, which could be associated to both coffee intake and SAB, resulting in reverse causation. 6 However, given that our results show the same pattern of risk for all foetal deaths or for the stratified analysis in SAB and stillbirths, we believe that this explanation would not significantly change our estimates. In the same line, given the DNBC recruitment protocol, we had no information on the study participants on early SAB.
Finally, the response rate of the DNBC, the linking rate and the number of cases with missing data may also be considered as a limitation. However, in this case given the large number of cases, the optimal linking rate and small percentage of missing data, we believe that the results and conclusions of the study to be valid and an accurate representation of the potential combined effects of smoking and caffeine intake. ). b: High: persons with higher education (4 years beyond high school) or in management; average: skilled workers and persons with middlerange training; low: unskilled workers and the unemployed. c: SAB were defined as foetal death occurring at < 28 weeks of gestation, and stillbirths as foetal death occurring at !28 weeks of gestation.
Conclusion
Our results suggest that the combined effect of smoking and coffee intake during pregnancy on the risk of foetal death is coffee-dosedependent. Smokers, regardless of coffee consumption, have a higher risk of foetal death than non-smokers. However, this risk among smokers of 10 cigarettes/d may be reduced by low (up to 3 cups/d) coffee intake. Smoking and coffee intake during pregnancy elevate the risk of a negative pregnancy outcome, a reduction in either or both of these evitable exposures could reduce the risk of foetal death.
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Key points
Effect of coffee intake appears to be non-linear. 
Ã1000.
b: HRs are adjusted for mother's age (continuous), parity, socio-economic status, physical exercise, alcohol consumption (continuous) and pre-pregnancy BMI (continuous). c: ICR can only be calculated when both exposures are present, -has been used to signify the cases when the calculation was nor possible. d: Reference category. e: SAB was defined as foetal death occurring at < 28 weeks of gestation, and stillbirths as foetal death occurring at ! 28 weeks of gestation.
Combined effect of smoking and coffee is coffee-dosedependent. Low coffee intakes may reduce the risk of foetal death in smokers.
